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Abstract

The effectiveness of the various Radar Cross Section
(RCS) prediction techniques was investigated. The RCS of
square flat plates was analyzed using the Physical Optics
approximation, the Physical Theory of Diffraction, the
Geometrical Theory of Diffraction, the Uniform Theory of
Diffraction, and the Moment Method or Method of Moments. The
RCS predicted by the computational methods was compared to
measurements performed in an anechoic RCS measurement
chamber. Also, the five computational methods were compared
in terms of plate size (in wavelengths), computer (CPU) time
for each computation, and angular regions of computational
integrity.

It was found that although the Moment Method is the most
accurate RCS prediction method, it takes too much CPU time
for large plates (over 2.5 wavelengths). The Uniform Theory
of Diffraction, on the other hand, is accurate for large
plates and takes less CPU time than the Moment Method. The
Geometric Theory of Diffraction is also accurate but fails
near the edge of the plate. Finally, the Physical Theory of
Diffraction and the Physical Optics approximation are

relatively inaccurate.
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A COMPARISON OF COMPUTATIONAL ELECTROMAGNETIC METHODS
FOR 1THE PREDICTION OF RADAR CROSS SECTION

I. Introduction

Background

Since World War II, the prediction of radar cross section
(RCS) for different targets has been a priority (Knott,
1985:252), although, the history of RCS goes back even
further than WW 11. The development of RCS has its roots in
the investigations on the nature of light. Thus, the
development of RCS goes back to the works of Pythagoras,
Aristotle, Ptolemy, and others (Kouycumjian, 1985:1). These
men investigated the nature of light and its propagation.

Geometrical Optics was developed in the early seventeenth
century (Young, 1976:84) and modeled the propagation of light
in terms of rays. According to the theory of Geometrical
Optics, light travels in straight lines in a homogeneous
medium (Young, 1976:84). 1In 1881, Thomas Young was the first
person to try to explain the nature of diffraction by the use
of rays (Kouyoumjian, 1985:2). He demonstrated that light
consists of waves whose wavelengths are small (Young,
1976:84). 1In 1862, Maxwell predicted the existence of
electromagnetic waves and stated that light is an
electromagnetic wave (Kouyoumjian, 1985:7; Young,
1276:84-85).

In 1888, Kirchhoff postulated what is now known as the

Physical Optics approximation. The Physical Optics
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approximation predicts the scattering of electromagnetic

‘.’ waves from a perfect conductor (more on that later). In
1887, Hertz conducted expPeriments concerning on the
reflection of radio waves from metallic and dielectric
objects (Blacksmith, 1985:982; Skolnik, 1980:8). Hectz
demonstrated that radio waves and light waves operate on a
similar principle (Skolnik, 1980:8). Also, Hertz verified
Maxwell's equations experimentally (Kouyoumjian, 1985:7).

In 1894, Sommerfeld calculated the diffraction of a

conducting infinite half-plane (Kouyoumjian, 1965:867) (see
Fig 1l.1).

X |—a/2—|

-wcX <« +00

Fig 1.1. 1Infinite Half-Plane

Incident

o

& g . -
o A s
N | el i
Diffraction wipads.me
from TR
wedge

Fig 1.2. Perfectly Conducting Wedge
qﬁb In 1912, McDonald produced an asymptotic solution for the
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diffraction from a perfectly conducting infinite wedge
(Kouyoumjian, 1965:867) (see Fig 1.2). 1In 1953, Keller
developed the Geometrical Theory of Diffraction (Kouyoumijian,
1985:12). He inrroduced the concept of diffracted rays which
are added to the rays obtained from the Geometrical Optics
model to obtain the total scattering from an object
{Kouyoumjian, 1935:12). Also in the fifties, Braunbek (in
the U.S.) and Ufimstev (in the U.S.S.R.) developed the
Physical Theory of Diffraction (Kouyoumjian, 1985:12). This
method was similar to the Geometrical Theory of Diffraction,
but, it sought to improve the Physical Optics result instead
of the Geometrical Optics result (Kouyoumjian, 1985:12). Aas
will be discussed later, the Geometrical Theory of
Diffraction failed at the shadow and reflection boundary,
where it predicted an infinite result (Kouyoumjian, 1985:7).
To overcome this problem and others which the Geometrical
Theory of Diffraction presented, the Uniform Theory of
Diffraction (due to Kouyoumjian and Pathak) and the Uniform
Asymptotic Theory (due to Lee and Deschamps) were developed
{Knott and others, 1985:134).‘ In the late sixties, ﬁhe
Moment Method, which is a numerical gsolution tc an exact
equation, was implemented thanks to the availability of
high-speed computers (Stutzman, 1981:307). Other
computational methods have been developed after these such as
the Equivalent Current Method, and others (Knott and others,
1985:136) .

Each computational method differs in its approach to a
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particular problem. Also, each method has some advantages
dﬁ; and disadvantages when compared to the others (Skinner,
1985:2-3). The éurpose of this investigation is to explore
to what extent each method is reasonable to use in terms of
RCS pattern prediction and CPU time. Each method will be
compared in terms of frequency of operation, angle of
incidence of the target to the radar, polarization of the

incident wave, and computer (CPU) time.

Problem
The problem is to decide how effective and time consuming
are the computational methods used when analyzing the total

scattering behavior from square flat plates.

@ Basic Theory

RCS describes the "electromagnetic size" of an object
detected by a radar system. The radar emits electromagnetic

(EM) waves.

+E
Direction
Source . , of
/////’ Propogation
“NH

Fig 1.3. Electromagnetic Wave

These waves are conposed of an electric (g) field and a

magnetic (E) field. These fields are perpendicular to each

®




other and to the direction of propagation (see Fig 1.3). The
direction of the E-field determines the polarization of the
electromagnetic wave (Knot: and others, 1985:76-71). (See

Fig 1.4).

H E

Horizontal vertical

E H

Fig 1.4. E-field Polarizations

The RCS is a function of the target's shape, the frequency or
wavelength of operation, the polarization of the transmitter
and receiver, the angle of incidence of the incident wave
with respect to the target, and the materials composing the
target (Knott and others, 1985:48).

When making RCS measurements, it is very useful to
classify the target's dimensions in terms of the operating
wavelength of the radar (Johnson, 1982:2). The wavelength is
obtained by dividing the speed of light (3.0x108 m/s) by the

radar's frequency of operation.

SCOEE

In this thesis, the computational methods will be
compared in terms of their accuracy using different angles
between the incident EM wave and the target, the size of the
target compared to the wavelength of operation, and the CPU
time they require.

The investigation covers five computational methods. The
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methods applied are the Physical Optics approximation, the
Geometrical Theory of Diffraction, the Uniform Theory of
Diffraction, the Physical Theory of Diffraction, and the
Method of Moments.

Square flat plates were used as the targets in this
investigation. The size of the plates varies from half a
wavelength (on one side) to six and a half wavelengths in 6.5
wavelength increments. Also, 08.75 wavelength plate was used.
The plates were measured in the Avionics Laboratory Far-Field
RCS Measurement Facility. The measurements were compared
against the results obtained by the computational methods.
These comparisons provide a good standard on how accurate
each method is as the electrical length of the plates change.
Also, it is possible to predict where each method fails to
produce good results as the aspect angle changes. Finally,
each method was compared in terms of CPU time. These
gquidelines will be useful in the case where the RCS of a more

complex target {s desired .

Summary of Current Knowledge

The Physical Optics Approach (PO) is often a preferred
method because it is easy to use for any geometry (Skinner,
1985:6). This method assumes that electrical currents are
induced by the EM waves on the area that is "seen" by the
radar (illuminated region). It also assumes that no currents
exist in the shadow region (the region that EM waves do not

illurminate directly). (See Fig 1.5).
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Target

e shadow

muminmed s
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Fig 1.5. EM wave illumination

Some of PO's advantages are: it is easy to use, the user does
not need an extensive backgrouad in electromagnetics, and the
PO computer codes require a small amount of CPU time
(Skinner, 1985:6). Unfortunately, PO also has some
disadvantages. Some of these disadvantages are: the target
can only be a good electrical conductor, the target's area
must be much greater than the wavelength, and higher order
scattering effects are neglected (Knott and others, 1985:59).
Higher order scattering effects are effects that are due to
the particular shape or surface characteristics of the
target. Some examples are effec-ts that occur at sharp épots
such as edges, tips, corners, and curved surfaces., The EM
waves from the radar hit these sharp discontinuities and are
re-radiated in all directions. Thus, the radar sees a
different RCS than the PO method would predict on some
targets (Stutzman, 1981:458).

The Geometrical Theory of Diffraction (GTD) is a ray

tracing method developed by Keller (Keller, 1962). Ray




tracing methods assume that electromagnetic waves propagate
in "line-of-sight" directions. Ray tracing methods are more
dependent on exact geometrical description than PO and
provide a better insight of what is happening as the EM waves
bounce off the target (Skinner, 1985:2). GTD provides fast
computations, 1Its results are good for almost all large
targets. It takes into account higher order effects such as
tip, corner, and edge scattering. Also, GTD takes into
account the RCS contribution of the shadow region.
Unfortunately, GTD predicts an infinite result on the shadow
and the reflection boundaries (Knott and others, 1985:133).

The Uniform Theory of Diffraction (UTD) is an extension
of GTD. The first version of UTD was developed by
Kouyoumjian and Pathak of Ohio State University (Knott and
others, 1985:134). UTD solves the problems that GTD has at
shadow boundaries. 1It prevents the KCS from approaching
infinity at the shadow boundary. Except for this, UTD is
practically identical to GTD. The CPU time it requires is
almost the same as that required by GTD. However, the UTD
calculations are more complex (Skinner, 1985:19).

The Physical Theory of Diffraction (PTD) was developed by
Ufimstev of the U.S.S.R. and Braunbek of the U.S. almost at
the same time (Skinner, 1985:12). PTD is an extension of PO
which adds "a correction factor without any physical
significance" (Skinner, 1985:12). This correction factor

increases the accuracy of PO. Otherwise, the advantages and

disadvantages of PTD are the same as those for PO (Skinner,




1985:12).

The Moment Method (MM) is also known as the Method of
Moments. It is a technique that is very accurate in
producing results for targets whose dimensions in wavelengths
are very small (Stutzman, 1981:370). MM presents the
solution to an integral equation which models a particular
target "exactly" (Stutzman, 1981:306-307). The limits of the
integral equation depend on the particular target used. MM
has some advantages which make it very useful in some
applications. Among these advantages are: it can produce an
almost exact solution, it can be used to find all the
electromagnetic properties of the target, and it can
accurately predict all the scattering properties of the
target (Skinner, 1985:16). One of its disadvantages is that 1
it takes too much CPU time to calculate the RCS if the
target's size is greater than 2 to 3 wavelengths (Skinner,
1985:16). Anothar disadvantage is it does not give much
insight on the scattering mechanisms of the target (Skinner,

1985:17).

AEBzoach

l. Computations were performed to predict the RCS of

different sizes of square flat plates using PO, GTD, UTD, !
PTD, and MM. The size of the plates ranged from .5
" wavelengths to 6.5 wavelengths in .5 wavelength increments.

First, the computations were performed using a vertically

polarized incident wave vs the angle of incidence of the
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transmitter. Then, a horizontally polarized wave was used.

2. Measurements were performed on the square flat plates
given by the Avionics Laboratory. Again, the sizes of the
plates ranged from .5 wavelengths per side to 6.5 wavelengths
in .5 wavelength increments,

3. Comparisons were made between the results of the
computations and measurements for each square flat plate.

4. General conclusions were obtained from the comparisons
mentioned above. These conclusions will be helpful in
deciding which of these RCS computational methods is more
useful for a target consisting of perfectly conducting flat

elements.

Materials and Equipment

A VaX 11/788 mainframe computer is available for the
implementation of the computational methods. The targets
were provided by the sponsor. The Avionics Laboratory
Measurement Facility was used for the measurements of the
targets.

The RCSBSC computer code developed at Ohio State
University by Marhefka (Marhefka, 198l) was used to calculate
the RCS of different targets using PO, PTD, and UTD. The ESP
computer code (Newman, 1985) was used to calculate the RCS of
the targets using MM. Both computer codes were available in
the VAX computer.

The GTD calculations were obtained from a program that

was developed for this thesis from formulations developed by
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Ross (Ross, 1966).

In Chapter II, the theory used for the computational
methods is discussed in more detail. In Chapter IIl, the
measurement procedure is explained. In Chapter IV, the

meagsurements are compared to the RCS computational methods.

Finally, Chapter V offers conclusions and recommendations,




II. Theorx

General Theory

Sets of small polygonal flat plates can be used to model
almost any target. This is one reason why flat plates were
used in this investigation as targets. Also, flat plates are
cheap and easy to construct. 1In this chapter, square flat
plates will be discussed in general. Also, each
computational method will be used to see how it calculates
the RCS from the flat plates.

‘Note, A is a general complex scalar, B is a general real

vector, and C is a general complex vector.

RCS is defined by

py
0/=L/ IcmR ————

R oo l 2 (2.1)

where ES and El are the scattered and incident electric
fields respectively (Knott and others, 1985:48) and R is the
distance between the target and the radar. Since R

approaches infinity ané §s decays as 1/R, the RCS does not
depend on the distance of the target from_the radar, as long
as the distance is large (Knott, 1985:252). Typically, the
RCS measurements are made using this approximation (far-field
approximation), although it is possible to measure the RCS

when the target is in the near field. From Eq (2.1), it can

be shown that RCS has dimensions of area. Usually these
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dimensions are given in square meters. Furthermore, the
units of RCS are converted to decibels relative to a square
meter (dBsm) to provide a standard for comparison purposes.
The targets used in the investigation are square flat
plates. Flat plates exhibit three different scattering }

behaviors (Knott and others, 1985:6-7). The first one is

specular or broadside scattering. 1In this case, the plate's
broadside is parallel to the radar antenna's aperture. This
RCS is "proportional to the square of the area of the plate
and the square of the frequency" (Knott and others, 1985:6).
The second type of scattering possible for a flat plate
is when the plate is oriented out of the specular angle, and
having two edges perpendicular to the "line-of-gsight" with
@ the receiver. Now the RCS is proportional to the square of
the length of the edge (Knott and others, 1985:6). This RCS
is independent of frequency, which is similar to the case of
a large sphere or a spheroid (Knott and others, 1985:6-7).
The third type of scattering occurs when the flat plate
is oriented such that the receiver only "sees" the RCS from
the four corners (Knott and others, 1985:7). This occurs at
all other angular positions. These returns are inversely

proportional to square of the frequency of operation (Knott
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and others, 1985:7).

Each computational method used in the investigation is
good for approximating the specular scattering from the
plates, as long as the plates are large. Only the Moment

esa Method is good for calculating the specular behavior of

-



plates which are small when compared to wavelength. This is
because the other computational methods are good only when
the target's size is greater than the operating wavelength.
The purpose of the investigation is to see how effective and
time consuming each of the computational methods is when
analyzing the total scattering behavior from square flat
plates.

The coordinate system which was used to define the target

is as shown on Fig 2.1.

Target

X

Fig 2.1, Coordinate system u-ed

In the following sections each of the computational
methods used in the investigation will be discussed in

reference to the square flat plate.

Physical Optics (PO)

The basic premise assumed by PO is that the incident

field on the target will produce a current given by

—J:Pa:. n Xﬁhﬂ”:lh Xﬂ: in illuminated region

O 1in shadow region

(2.2)




where n is the unit vector perpendicular to the target's

surface (see Fig 2.2).

egien

Fig 2.2. PO current on a target

Assuming a monostatic case (the radar transmitter and
receiver are co-located), the RCS will always be measured in
e the illuminated region. The vector potential is used to
obtain an expression for the field scattered by the target

(Stutzman, 1981:455). The vector potential is given by

A = .-..J:o exP(-JKR)
ﬁ. ’PLHTR_ dS' (2.3)

where R is the distance between the incremental surface patch

and the radar, and k is the wave number. Assuming that the

target is far away (far-field), the scattered field is given

by
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(2.4)

where » is the permeability constant (in free space w=4= x
1077y,
Using the definition of RCS (Eq (2.1)) and evaluating A

for a rectangular flat plate the following expression is

obtained:

| 2
— . ]
69a*b™m 2 sin{2ka $inB)

% 22 (2ka Sin6) .

where » is the wavelength, k=2r/a, is the aspect angle, and
b=a for a square flat plate (Ross, 1966:338). This equation
is independent of polarization, because the result is the

same in either polarization (Ross, 1966:334).

Geometrical Theory of Diffraction (GTD)

The GTD approach has its roots in the Geometrical Optics
(GO) theory. GO assumes that EM waves travel along ray paths
(Ruck, 1970:39-40). Unfortunately, GO fails to account for
diffraction. Diffraction occurs when the incident wave hits
tips, corners, edges, tangent points, or any discontinuity

(Ruck, 1970:44). The following example will illustrate the




concept of diffraction.

—
Incident Reflection Boundary

Wwa -
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I
r;r°°7/ 7 $hadow Boundary
| 00007

Fig 2.3. Diffraction Example.

Considexr the case of a semi-infinite plane which is perfectly
conducting. A radar transmitter emits EM waves which hit the
plane. The transmitter is far away from the half plane so
that the EM waves reaching the plane can be considered plane
waves. Region I is whe